The work is aimed at describing non-local effects in the positive column of a low-pressure stratified dc glow discharge in argon with dust particles in a vertical cylindrical discharge tube. Numerical calculations of plasma parameters in the axis of the discharge tube were performed with the help of a hybrid model based on the solution of a non-local Boltzmann equation for electron energy distribution function (EEDF). Axial distributions of optical emission from striations with dust particles were measured experimentally. Negatively charged dust particles in a low-pressure stratified gas discharge should levitate at the anode-side branch of an electric field distribution above its maximum. At the same time the experiments showed that the dust particles levitate at the cathode side of a stratum. This paradox is explained by the fact that in a low-pressure striated discharge the optical emission distribution is displaced relative to the electric field distribution that was shown both by numerical simulations and experimental measurements.
Introduction
A dusty or complex plasma is an ionized gas of electrons, ions and negatively charged micro-sized particles. Dusty plasma can be found in space (e.g. planet rings, inter-stellar molecular clouds, cometary tales, in the upper atmosphere) and in different industrial processes (e.g. etching and deposition, nano-particles production, in combustion chambers and thermonuclear reactors) [1] . As an open non-linear dissipative system, laboratory complex plasma presents a very convenient model for the study of different problems of statistical physics, kinetic processes in the systems of strongly interacting particles, phase transitions and wave processes in non-ideal plasma.
In laboratory conditions, dusty plasma is actively investigated in dc glow discharges and RF discharges [2] [3] [4] [5] [6] [7] [8] [9] . In a vertically oriented discharge tube at different parameters of a stratified dc glow discharge different plasma structures: 'plasma crystals', vertical chain-like structures in the central 4 Author to whom any correspondence should be addressed. part of a discharge tube, or 'dusty plasma liquid' have been observed. At the periphery of a dusty cloud in the striations of a glow discharge, there are regions with a convective movement of particles (vortexes). For a comprehensive description of such phenomena, the distribution of plasma discharge parameters (and most of all, the electron energy distribution function (EEDF) and the electric field) should be taken into account in addition to the inter-particle interaction.
It should be stressed that the positive column (PC) of a dc glow discharge even without dust particles presents a very complex object capable of self-organization of moving or standing striations [10] [11] [12] [13] [14] [15] [16] . Striations or ionization waves disturb the homogeneous distributions of all plasma parameters. In particular, it is concerned with the electric field distribution, which, in turn, determines the rates of different plasma chemical processes. At a low gas pressure and low current density, the non-local electron kinetic mechanism of strata formation is clearly understood [10] [11] [12] [13] [14] [15] [16] . For a detailed description of plasma phenomena in a stratified glow discharge we use a previously developed 1D model based on the simultaneous solution of a non-local Boltzmann kinetic equation for the EEDF, a non-stationary drift-diffusion continuity equation for ions, and the Poisson equation for a self-consistent electric field [11] [12] [13] . We believe that with this self-consistent hybrid approach, it is possible to give a reliable description of the stratification of low-pressure discharge plasma parameters in noble gases.
At a low gas pressure, the electron energy relaxation length in inelastic processes is shorter than the energy relaxation length in elastic collisions, λ in λ el . In this case, the energy losses are small and electrons obtain the energy to excite the atoms at the length L U ex /(eE 0 ) which they lose at subsequent inelastic collisions (U ex -excitation threshold, E 0 -mean electric field). The length L determines the scale of the field non-homogeneity, i.e. the stratum length. It is assumed here that energy relaxation length in elastic collisions λ el ∼ (M/m) 1/2 λ (λ is the electron free path, m and M are electron and atom masses, correspondingly) is essentially greater than a strata length. The EEDF is formed at a whole profile of strata potential. At intermediate pressures, when elastic collisions dominate in the energy balance, λ el becomes smaller than L. The smaller ratio λ el /L, the local field approximation for determination of EEDF, is more appropriate [16] . This paper aims to describe different non-local effects occurring in the PC of a low-pressure stratified dc glow discharge (in argon) with dust particles in a vertical cylindrical discharge tube. These effects are the non-local behaviour of EEDF and electron microscopic parameters, the nonhomogeneous self-consistent electric field spatial distribution, the influence of non-local EEDF on the process of dust particle charging. It should be noted that in almost all the papers devoted to the estimation of the dust particle charge in complex plasma [1] [2] [3] [4] [17] [18] [19] it was assumed that electrons in plasma have an equilibrium (Maxwellian) energy distribution function. In some papers, the EEDF was found on the basis of the solution of the local Boltzmann equation (see, for example, [20, 21] ). Such an approach can be applied to the consideration of a spatially uniform discharge or RF discharge but not to a non-uniform stratified glow discharge. In the paper we show that in a stratified PC the electron energy distribution is nonMaxwellian and even non-monotonic. At the same time, in the process of charging, a dust particle acquires a great negative charge and repulses low-energy electrons. Only electrons with energy higher than the potential of a dust particle (i.e. from the tail of EEDF) can reach its surface. Obviously, to estimate the dust particle charge more adequately it is necessary to take into account the non-local and non-Maxwellian behaviour of EEDF.
Also, the effect of the displacement of the optical emission distribution relative to the electric field is shown both by numerical simulation and by experimental measurements. The stratification is usually associated with the maximum of the electric field distribution. The local field approximation is applicable at intermediate gas pressures, and the maximum of electric field distribution coincides with the maximum of optical emission that appears due to transitions between different electronic states of an atom. However, at low gas pressure, in a stratified glow discharge the optical emission spatial distribution is slightly shifted towards the anode in comparison with the electric field spatial distribution. Our experiments show that in low gas pressure stratified discharge a small cloud of micro-sized dust particles levitates between the maximum of the electric field distribution and the maximum of optical emission. Indeed, as follows from the electrostatic and gravity force equality, dust particles levitate at the upper branch of the electric field distribution in a vertical discharge tube [13] . At the same time, dust particles levitate at the lower region of a stratum glow as can be seen from the experimental observation.
The paper is organized as follows. In section 2, the description of a hybrid model of a stratified PC of a glow discharge is presented. The experimental setup and the optical diagnostics are described in section 3. The results of numerical calculations and correlation with the experimental measurements are shown in section 4. The problems of dust particle charging in the plasma of a stratified dc glow discharge are also discussed in section 4. Final conclusions are given in section 5.
Hybrid model for stratified discharge plasma parameters
In this section, the model for a stratified PC of a low-pressure glow discharge in argon with dust particles will be considered. The complex plasma parameters under consideration are as follows: the electron and ion densities are n e , n i ∼ 10 9 cm −3 , and dust particles density is n d ∼ 10 2 cm −3 . For these conditions the influence of dust particles on plasma parameters is negligibly small.
There are many attempts [10] [11] [12] [13] [14] [15] to describe the stratification in the PC of a glow discharge with the help of the non-local Boltzmann equation for electron velocity distribution function, F ( υ, x):
where E( x) is the electric field distribution, S el is the integral of elastic collisions, S in denotes inelastic collisions, e 0 is the charge and m e is the mass of an electron. The non-stationary Boltzmann equations in a two-term approximation for isotropic and anisotropic electron distribution functions (f 0 (U, z) and f 1 (U, z)) can be written in the following form:
where N g is the gas density, M is the mass of atom, Q el (U ) is the momentum cross section of electrons in elastic collisions, Q in k (U ) is the cross section of kth inelastic collisions with the energy loss
The last term in equation (2) with arguments U + U k takes into account the appearance of an electron with kinetic energy U due to energy loss U k in the kth inelastic process. Cross sections for electron collisions in argon were taken from [22] . The transformation from kinetic energy to the total energy of electrons ε = U + W (z) (where W (z) = −ε 0 ϕ(z) is potential electron energy, ϕ(z) is the potential distribution in the PC of discharge) introduced by Bernstein and Holstein [23] and Tsendin [24] simplifies the equation for the isotropic part of EEDF:
Equation (4) 4p states of argon. The last one is the cross section for ionizing transitions with the common threshold at 15.7 eV. In this paper, the ionization term in the Boltzmann equation is considered as an additional source of energy loss for electrons, which do not lead to the electron number change.
If EEDF is known, we can obtain all microscopic parameters of electrons by integrating the isotropic and anisotropic parts of EEDF as follows:
where n e (z), U e (z), j z (z) and j U (z) are the electron density, the density of electron mean energy, the density of electron flow and the density of electron energy flow. Since only the conservative terms are taken into account in the integral of inelastic collisions, the integration over energy of equations (2) and (3) gives us the particle (9) and energy (10) balance equations correspondingly:
where the energy loss in elastic collisions is
and the energy losses in the kth inelastic collision are
Particle (9) and energy (10) balance equations should be satisfied at any solution point z. All solution parameters, i.e. boundary conditions, energy U and spatial coordinate z steps, as well as the value of reduced electric field, E/N g , were chosen so that the relative deviation from the balances (9) and (10) exceed not more than 1%.
The electric field in most articles is usually treated as known or given from the experiments or some simplified considerations. Usually, the relaxation of EEDF is considered in a constant electric field with some spatial disturbances, or in sinusoidal 'striation-like' electric fields [14, 15] . However, the process of 'striation-like' electric field formation is not clear yet. Along with electron kinetics, the motion of ions should be taken into account. Actually, the drift of ions and the drift of electrons in PC have opposite directions, and it should be assumed that the ion density distribution differs from the electron one. Hence, the space charge must differ from zero, and the electric field distribution has to be obtained self-consistently from the Poisson equation. In this paper, the plasma in the PC of a glow discharge is studied by simultaneously solving the Boltzmann kinetic equation for the EEDF, the non-stationary drift-diffusion continuity equation for ions and the Poisson equation for a self-consistent electric field.
Ion density distribution n i (z, t) was calculated with the help of the non-stationary drift-diffusion continuity equation:
where µ i (D i ) is the ion mobility (diffusion) coefficient taken from [25] . The right part of equation (13) was assumed to be zero. Preliminary investigations showed that the ionization does not play an important role in the range E/p < 15 V cm −1 Torr −1 (in argon). For higher reduced fields, the right part of (13) will be equal to zero only on the assumption of local equality of charged particles production in ionization and their destruction in wall recombination. In calculations, only the ion mobility of ions Ar + was taken into account. In noble gases, as a result of ion conversion molecular ions (for example, Ar + 2 ) can be formed. However, their mobilities differ from the mobility of atomic ions only by 20-50% [25] .
The electric field was determined from the Poisson equation:
which was solved simultaneously with equation (13) for a given electron density n e (z) obtained from the kinetic model for electrons, equation (4) . Equations (4), (13) and (14) form a complete system of equations for determining three unknown plasma parameters n e (z), n i (z, t) and E(z, t) in a self-consistent way. The system of equations (4), (13) and (14) was calculated numerically by the iteration method. The first approximation to the distribution function f 0 0 (z, U ) was obtained by solving a parabolic equation (4) with corresponding boundary conditions for an arbitrary electric field distribution E 0 (z), which was usually taken to be uniform E 0 (z) = const. At this stage, the electron density distribution n e (z) is obtained by integrating the EEDF. Then the time-dependent problem (13) and (14) was calculated until full convergence, i.e. the final calculated ion density distribution satisfies the stationary continuity equation (13) . The Poisson equation (14) for ϕ(z, t) was solved with the help of the double sweep method for the constant potential fall in the PC. Thus, for a given iteration, the distributions n e (z), n i (z) and E(z) were obtained. At the next iteration, equation (4) was solved in a new distribution of the electric field, and a new electron density distribution, which differs from the previous one, was obtained. Then the iteration process was repeated. For the convergence of the solution, about 30-50 iterations were necessary depending on the reduced electric field. The final distribution of the axial electric field does not depend on the choice of the initial electric field distribution E 0 (z).
For the case of a high density of dust particles their influence on the plasma parameters (on the distribution of the electric field and EEDF) should be taken into account. First of all, the process of ions and high energy electrons recombination on the surface of dust particles should be added to the collisional term of the Boltzmann equation (4) as well as in the ion continuity equation (13) . Then, in the Poisson equations (14), the dust particle volume charge has to be introduced. The self-consistent solutions taking into account the influence of dust particles will be considered in subsequent publications.
Experimental setup
The experiments were carried out in a cylindrical symmetric dc glow discharge generated in a vertically oriented glass tube with an inner diameter of 5.5 cm and an interelectrode distance of 90 cm (figure 1). The discharge was generated in Ar at pressures p = 0.1-0.4 Torr and currents I = 0.3-3 mA. Particles were stored in a container with a grid at the bottom and positioned above the anode. When the container was shaken the particles fell downwards through the grid. We used monodisperse melamine formaldehyde (MF) particles with a diameter of 2-6 µm and a density of 1.51 g cm −3 . With the aid of a tube of such diameter we were able to obtain large dusty clouds of about 1 cm in size within the striation region. In order to visualize dust particles in the discharge tube we illuminated the region where particles levitated with a diode laser beam (wavelength λ = 532 nm, power P = 0-250 mW). For recording optical emission of strata lighting and scattered light from the dust particles a CCD video camera was used at a frame rate of 25 fps. The cross section was visualized by a thin laser sheet created by means of a cylindrical telescope.
Experimental measurements were carried out in the regime of standing striations. The parameters of buffer plasma (electron density and mean temperature) were measured by probe diagnostics. In low-temperature discharge plasma, dust grains usually acquire a large negative charge of Q d = Z d e 0 = 10 3 -10 4 e 0 (where Z d is the charge number of the grain). The grain charge is acted upon by plasma electrostatic forces. When the anode is at the upper end of the discharge tube (and accordingly, the cathode is at the lower end), the electric field has an axial component E z (z) pointing downwards along the tube axis, in the direction of the gravity force F g = Mg (where M is the mass of a grain). It is the axial electric field that suspends a grain in the gravitational field in the striations of a glow discharge. The radial electric field traps negatively charged dust grains in the central tube region, preventing them from escaping to the wall, and largely governs the mean distance between them. Practically in all the strata of the PC dusty structures were observed. A dusty cloud is observed at the lower end of the glowing region of each stratum. It has a non-homogeneous density distribution with a maximum in the centre. In the horizontal section the dusty cloud always has a free boundary and the distance from the boundary depends on the discharge parameters. In figure 2 , the photo of a stratum with a dusty cloud is presented. It is seen that the strata and dusty cloud are symmetric around axis z. Dust particles levitate at the lower side of strata light intensity maximum.
As mentioned above, the number density of dust particles in our experiments was rather small, n d ∼ 10 2 cm −3 . For such conditions, the Havnes parameter P H = n d Z d /n e 1, and its influence on the plasma parameters, can be neglected.
Moreover, the experiments show that the addition of a greater number of dust particles (up to n d ∼ 10 3 cm −3 ) into the discharge tube does not influence the observed picture of the discharge lighting and discharge parameters.
Results
With the help of a special analysing program the intensity of light emission along the axis z of the discharge tube was constructed. In figure 3 , the light emission from some stratum in the discharge tube without dust particles is presented by a Figure 2 . The photo of a stratum with a dusty cloud. Axis of symmetry z directed upwards and contrary to gravity force and radial axis r are also presented. p = 0.17 Torr, L = 3.5 cm. solid line. This is total optical emission, which consists mainly of argon atomic lines in the red region. After the addition of dust particles into the discharge tube some of them began to levitate in the strata. The green light (532 nm) of a laser knife reflected from each individual particle was recorded by the camera as a set of pronounced picks projected over the smoothed emission from the stratum. The axial distribution of a stratum glow and reflected light from the dust particles are shown in figure 3 . On the right side of the maximum of this distribution (i.e. from the upper end of the strata) it has a smaller slope than on its left side. Because of the high intensity of scattered light one can see the removed points in the distribution of light emission from the left side of its maximum. Therefore, the dust particles are located mainly at the cathode side of the maximum of axial light distribution, i.e. at the lower part of the strata. The region where the dust particles are placed is marked by a spattered bar.
As a result of numerical calculations, converged solutions that satisfy simultaneously the non-local Boltzmann equation for EEDF, the stationary drift-diffusion continuity equation for ions and the Poisson equation for the electric field were obtained. Below, the calculated results for argon pressure p = 0.4 Torr in mean electric field E 0 = 2.8 V cm −1 are presented. Figure 4 shows the energy dependence of the isotropic part of EEDF, f 0 (u), for different z positions, i.e. at the maximum of electric field distribution, z = 8.92 cm, at the minimum of electric field, z = 10.54 cm, and between them, z = 9.77 cm. It is seen that the EEDF is non-Maxwellian and has a non-monotonic form. As the distance to the anode decreases, the peaks of the EEDF periodically shift to higher kinetic energies due to electron energy gain in the electric field.
The terms of energy balance equation (10) are presented in figure 5 . The divergence of energy current density (the first term from the left side of equation (10)) is determined by the energy gain in the electric field, E(z)j z (z) (the second term), and energy losses in elastic collisions, P el (z) (the third term), and inelastic collisions, P in k (z) (the last term). Since the electron current density is constant along the axis z, j z (z) = const (see electron particle balance equation (9)), the second term from the right side of equation (10) is proportional to the electric field distribution, E(z)j z (z) ∼ E(z). It is seen that the electric field distribution has a non-sinusoidal structure with pronounced slightly decreasing peaks. The peaks are asymmetric and have a stronger gradient on the anode-side branch of the peaks. The energy losses in elastic collisions are negligible in comparison with energy losses in inelastic collisions. It should be stressed that the electric field distribution is not in phase with the energy losses in inelastic collisions. The distribution k P in k (z) is slightly shifted to the anode.
It is well known that optical emission spectra in argon low-pressure glow discharge [26] [27] [28] [29] [30] [31] are clearly dominated by atomic argon lines in the red region 690-900 nm, due to 4p→4s transitions. The transitions and wavelengths of the intensive lines in the spectra are given in several papers [26] [27] [28] [29] [30] [31] . From 400 to 690 nm pronounced spectra lines are not detected. According to the observation, the contribution in the light emission of highly excited states from 3p 5 6s, 3p 5 5p and 3p 5 4d configurations and of ions is negligible. Thus, the excited electronic levels of argon atoms that are responsible for the red emission in low-pressure argon plasma have 3p 5 4p configuration. The intensities of emissions from excited levels are proportional to their rates of excitation by electron impact. In this paper, excitation cross-sections of 3p 5 4p argon states having thresholds in the region from 12.9 to 13.48 eV were grouped into a common effective electronic level with 12.9 eV (the third group of cross-sections). Namely, the term P in k=3 (z) determines the light intensity obtained in experiments. Figure 5 shows a good agreement between the spatial distribution of P in k=3 (z) and experimentally measured light intensity along the strata.
It should be mentioned that a dusty cloud is placed at the head of a striation, i.e. in the upper branch of the peak of the electric field distribution (spattered bar in figure 5 ), where stable regimes of levitation of dust particles are realized. The gravity force acting upon the grain is directed leftwards (towards smaller values of the z coordinate). The electrostatic force that counterbalances the gravity force points rightwards (towards larger values of z). When a grain is displaced leftward, the electrostatic force increases because of an increase in the electric field. When the grain is displaced rightwards, the electrostatic force decreases because of a decrease in the grain charge and in the electric field. The resultant gravity and electric forces will return the grain to its initial position.
On the basis of the obtained results for distributions of plasma parameters, in order to calculate the charge of a probe particle we apply the well-known orbital motion limited (OML) theory [1, 32] . The process of stationary charging is considered. The potential of the probe particle surface, ϕ s , is negative relative to non-disturbed plasma. We introduce the positive value W s (r, z) = −e 0 ϕ s (z). The charge of the dust particle is equal to Z d = |ϕ s |a/e 0 = 0.695 × 10 3 W s [eV]·a[µm] and depends on the particle potential and radius. The potential of a dust particle W s (r, z) is obtained from the condition of electron and ion fluxes equality, I e (r, z) = I i (r, z). The method of obtaining the potential of the probe particle is discussed in more detail in our previous work [13] .
In figure 6 , the calculated axial distribution of potential W s (z) of a probe particle, electron temperature, T e (z) = 2/3U e (z), that is the characteristics of mean electron energy, the electric field, E z (z), and the ratio W s (z)/T e (z) are presented. It is seen that non-equilibrium plasma parameters lead to non-homogeneous distribution of particles charge. It is often assumed that a dust particle charge or potential directly correlates with the local value of electron temperature or the electric field. In striated glow discharges, the distributions of the electric field, electron temperature and dust particle charge are not in phase due to non-local effects. In particular, the ratio W s (z)/T e (z) is not constant along the striation.
Conclusions
The work was aimed at describing different non-local effects occurring in the PC of a low-pressure stratified dc glow discharge in argon with dust particles in a vertical cylindrical discharge tube. The effects are non-local behaviour of the EEDF and electron microscopic parameters, spatially nonhomogeneous self-consistent electric field distribution and the influence of non-local EEDF on the processes of dust particles charging. The numerical calculations of the plasma parameters on the axis of the PC of the discharge tube were performed with the help of a previously developed 1D hybrid model based on the solution of a non-local Boltzmann equation for EEDF. Distributions of optical emission from striations were measured experimentally. It should be noted that in a stratified PC the electron energy distribution is not Maxwellian and even non-monotonic. At intermediate gas pressures, the local field approximation is appropriate, and the maximum of the electric field distribution coincides with the maximum of optical emission. However, at a low gas pressure, in a stratified region, spatial distribution of optical emission is slightly shifted towards the anode in comparison with the electric field. Thus, the dust particles are placed at the anode-side branch of the electric field distribution (above the maximum of the electric field) but they can levitate at the cathode-side of optical emission spatial distribution. The effect of the displacement of optical emission distribution in relation to the electric field is shown both by numerical simulation and experimental measurements.
